Haplopappus grailis and Acer saccharum tissue culture cells are extremely sensitive to freezing injury, and exhibit a decrease in survival from 98% at -1 C to 4% at -3 C (Haplopappus) and 92% at -3 C to 13% at -5 C (Acer) when suspended in distilled H20, seeded at -1 C, and then cooled by 0.1 C/minute. Similar results are obtained when cells are suspended in growth medium. The extent of shrinkage of cells during freezing can be duplicated by exposure of the cells to plasmolyzing solutions of nonpenetrating substances (A Tf = 1.86 4n'm). Solutions of sucrose and glycerol that produce extensive plasmolysis cause a decrease in survival within 3 to 5 minutes at room temperature, and the higher the molality to which the cell is exposed the greater the injury. Also, the rate of rehydration of the plasmolyzed cell and of the frozen cell affects its survival, with the slower rate being more beneficial. The close correlation between the decrease in survival at subzero temperatures and the decrease in survival when cells are placed in solutions having osmolalities, which could produce the same extent of shrinkage as these killing temperatures, suggests that this shrinkage is related to freezing injury in tissue culture cells.
studied extensively from the viewpoint of the comparative biochemistry of the frost-hardy and nonfrost-hardy state (10, 14) . The exact nature of frost injury is an unanswered question.
Although there have been studies on the response of whole plants, organs, and tissues to particular freezing regimes (22, 23) , the results of such work have not been easy to interpret because of (a) the complexity of the biological material, within which different tissues often show different responses (25, 33) , and (b) the lack of quantitative estimates of survival-estimates which are necessary to define optimum conditions for survival and to distinguish among types of injury (14, 15) . A further complication is that the particular pattern of freezing and extracellular deposition of ice within an organ may affect the ultimate survival of the organ because of the degree of intercellular disruption as well as because of its effects at the cellular level (21) . While such studies provide necessary information, the need exists to determine the response of an individual cell to the particular freezing regime without the complication of its position within an organized unit. Plant tissue cultures can provide the material for such studies, especially since some can be cold acclimated (24, 30 (31) .
The studies presented in this paper have been done with suspension cultures of Haplopappus gracilis and Acer saccharum, and demonstrate that these cultures are extremely sensitive to freezing injury. A similar sensitivity is observed when these cultured cells are exposed above the freezing point to approximately 1 and 2 mole/kg solutions of nonpenetrating substances. These concentrations cause plasmolysis, and are equivalent to concentrations which occur within the cell at the lethal temperatures of between -2 and -4 C.
MATERIALS AND METHODS
Biological Materials. Suspension tissue cultures of Haplopappus gracilis grown on Erikkson's medium at 30 C with a shake rate of 150 rpm (ref. 3 , 1 mg/l of naphthalene acetic acid, 20 ,tg/l of kinetin) and of Acer saccharum grown on Linsmaier and Skoog's medium at 25 C in the dark with a shake rate of 150 rpm (ref. 12 , 2 mg/l of IAA, 0.2 mg/l of kinetin) were harvested in log or late-log phase of growth and used for all experiments reported. Haplopappus cultures were filtered sequentially through Nitex screens (Tobler, Ernst and Traber, Inc.) of 505 ,um, 308 ,um, 202 ,um, and 102 ,um mesh to remove large clumps of cells. The cells passing through the 102-,um screen and retained on a 53-,um screen were used for the studies reported, and consisted of single cells and small cells and small clumps usually of 2 to 4 cells, but with a few containing up to 8 cells. Acer saccharum cultures contained mainly single elongate cells and chains of 2 to 6 elongate cells and were not filtered before use. Cells of both cultures were washed in sterile distilled H20 four or five times and suspended in the desired medium. Since a plating assay was used to determine the survival of Haplopappus, all procedures involving manipulation of these cells were done in a sterile transfer room using autoclaved distilled H20, solutions, and glassware.
Freezing Procedure. Haplopappus cells (0.2 ml of a suspension in which the cell volume occupied 10 to 15% of the suspension volume) and Acer cells (0.5 ml of a suspension containing 10 to 15% packed cell volume) were placed in a series of small freezing tubes (7 x 90 mm for Haplopappus and 10 x 75 mm for Acer cells). These tubes were cooled to -1 C in ethyl alcohol in a thermoelectric bath (Scienctronics, Inc.), and then seeded with an ice crystal within the tip of a Pasteur pipette (equilibrated at -I C) (9) . About 5 min after seeding, the temperature was slowly decreased at a rate of about 0.1 C/min. Samples were removed from the bath at different temperatures and thawed in air at room temperature (warm rate of about 3 C/min between -6 and -1 C). Haplopappus cells were diluted at room temperature with growth medium (2 ml) and the viability was determined by the plating assay. Acer cells were centri-1 ml of growth medium, and the final pellet was used for the tetrazolium assay.
Plasmolysis Procedures. Solutions of sucrose or glycerol were prepared in distilled H20 and sterilized. At zero time at either 0 or 20 C, 1 volume of cell suspension (about 20% of the total volume occupied by cell volume) was added to 1 volume of the appropriate additive solution. At different times after the addition, aliquots were removed and diluted at 0 or 20 C, either rapidly or slowly. For Haplopappus, rapid dilution consisted of adding a 0.2-ml aliquot directly into 2 ml of growth medium. Aliquots of this suspension were then used for the plating assay. For Acer, rapid dilution consisted of removing 0.5-mI samples and adding them to 2 ml of distilled H20. Slow dilution consisted of adding small increments of distilled H20 so that the additive concentration was decreased in steps of 0.1 mole/kg to a final concentration of 0.2 mole/kg. Samples were then centrifuged, the supernatants were discarded, and the cells were suspended in 2 ml of Acer growth medium at pH 7.5. After approximately 15 min the suspension was centrifuged, the supernatant was discarded, and the pellet of cells was used for the tetrazolium viability assay.
Estimates of the time required to observe the onset of plasmolysis in cells exposed to 0.9 mole/kg sucrose were obtained by adding 1 volume of 2 mole/kg sucrose to one volume of cells (cells occupying 10 to 15% of this volume) at zero time and mixing thoroughly. A drop of the suspension was added to a slide and examined at lOOx magnification under a microscope (less than 10 sec after mixing).
The molality values given in the text and in the figures represent that of the solute in the experimental sample and were corrected for the dilution of stock solutions and for the percentage of volume occupied by the cells.
Viability Assays. The survival of cells after freezing was assayed by their ability to grow and form a distinct colony in agar (Haplopappus) or by their ability to reduce 2,3,5-triphenyltetrazolium chloride Haplopappus and Acer). The plating procedure consisted of adding 0.2 to 0.3 ml of the diluted cells in growth medium (about 5,000 to 10,000 cells or plating units per plate) to a Petri dish. To this were added 2 ml of conditioned growth medium obtained from a 5-to 7-day-old culture by collecting the culture medium which passed through the 53-.um screen and centrifuging it in screw-cap tubes for approximately 30 min at 2000g to pellet all remaining cells and cell fragments. The supernatant from these tubes was then used as the conditioned medium, and was necessary for the high plating efficiencies obtained in this study. To the 2.3 ml of suspension in the Petri dish were added 2.3 ml of 1% agar in normal unconditioned growth medium: the dish was gently swirled to distribute the cells evenly. The 1% agar stock had been redissolved with steam and kept at 42 C to prevent solidification prior to addition to the Petri plates. The agar in the Petri dishes set approximately 1 min after its addition. It was determined that exposure of Haplopappus cells to temperatures up to 42 C for 5 min did not affect survival. Duplicate or triplicate plates were prepared from each sample. After the agar had set, the Petri plates were sealed about the edges with a strip of Parafilm and then wrapped in Saran wrap to prevent desiccation. The plates were incubated at 30 C in the light (approximately 90 ft-c) for 10 to 14 days, and then examined with a dissecting microscope at 20x magnification. Between 200 and 400 colonies were scored for growth on each plate. A colony was scored as growing if, after the incubation period, it contained more than 10 cells. Survivals reported are the percentage of colonies exhibiting growth, which will be referred to as "'plating efficiency." Control plates exhibited plating efficiencies of 60 to 80%, i.e., 60 to 80%o of individual or small clumps of cells deposited on the plate grew.
TTC3 assay was used to determine the percentage of Acer 3Abbreviation: TTC: 2,3,5-triphenyltetrazolium chloride.
cells, and in some cases Haplopappus cells, that survived a given treatment (32) . To the pellet of cells were added 1.5 ml of 0.8% TTC (w/v) in a 2:1 (v/v) solution of 0.05 M sodium phosphate buffer-Acer growth medium at pH 7.5. Viable cells were able to reduce TTC chloride to water-insoluble red formazan that can be extracted from the cells with 95% ethyl alcohol, and the absorbance of this solution then read at 485 nm. Incubation in TTC was for 18 to 20 hr at room temperature before ethyl alcohol extraction. Survival percentages reported represent 100 times the ratio of the absorbance of a treated sample to the absorbance of the room temperature untreated control.
RESULTS
Haplopappus tissue culture cells frozen in distilled H20 and assayed for survival by plating exhibited a decrease in viability from 98% at -I C to 4% at -3 C (Fig. IA) ; Acer tissue culture cells frozen in distilled H20 and assayed by the TTC procedure showed a similar large decrease in viability in the same range, dropping from l100c of room-temperature control at -1.5 C to 13% at -5 C (Fig. 1B) . In preliminary experiments with tissue cultures of Petunia hybrida, Hedera helix, Daucus carota, Glycine max, Nicotiana tabacum, and Sagina procumbens, these cultures exhibited a 50% decrease in survival between -2 and -4.6 C, and a 90% decrease in survival between -3 and -7 C. Supercooling of samples to -5 and -8 C gave survivals essentially equal to room-temperature controls.
The decrease in survival could also be demonstrated in Haplopappus and Acer when the cells were frozen in their growth medium instead of in distilled H20 (Fig. 1, A and B). In both cases the initial large decrease in survival occurred in the same temperature range, although for cells suspended in medium there was somewhat greater survival at temperatures below this range. The percentage of survival of Haplopappus in Figure IA was determined by use of the TTC procedure and the plating assay. The similarity of the decrease in survival with both assays provides supporting evidence that the TTC procedure gives a valid measure of cell viability (32) .
The equation ATf = Kf 4Om relates the freezing-point depression (AT,) of a solution to the moles/kg freezing-point constant (Kf = 1.86 for water), the osmotic coefficient (O), the ionization value (v, for nonelectrolytes v = 1), and the molality (m). The osmolality of the solution is O'm (I 1). When a sample is seeded and equilibrated at the given temperature, the concentration of solutes in the unfrozen liquid in the sample can be calculated.
Since 0 values for glycerol and sucrose do not differ by more than -2% at 0.3 mole/kg, -7% at 1 mole/kg, and -16% at 2 moles/kg, equal molalities of these solutes produce approximately equal osmolalities (27) . As a result of this relation one can compute, for example, that cells in a 1 osmole/kg solution of sucrose at temperatures of 0 C and above, and cells suspended in dilute solutions and frozen to -1.86 C, will be exposed to identical osmolalities of solute, namely, 1 osmole/kg. If the solute is nonpenetrating, as is sucrose, the protoplast will shrink to the same extent in both cases. The extent of the shrinkage will be sufficient to produce equal internal and external osmolalities, i.e., equal internal and external osmotic pressures or equal internal and external chemical potentials of H20 (18) . In partly frozen solutions cooled at low rates, the chemical potential of H20 in the unfrozen liquid portion will be equal to that of ice at a given temperature. Another way of expressing this is to say that the chemical potential of H20 in the extracellular medium will be independent of the presence of solutes. for Haplopappus is 65%. Survival of supercooled samples in distilled H.0 was 108% for Acer at -8 C and 100% for Haplopappus at -6 C.
Sucrose and glycerol appeared not to penetrate Haplopappus cells during exposure of up to 3 hr, since cells that were plasmolyzed in these solutions showed no tendency to deplasmolyze. Sucrose also did not penetrate Acer cells; but glycerol did penetrate, with the protoplast volume returning to normal within 20 min of exposure to 1 mole/kg glycerol. Figure 2 presents the results obtained when Haplopappus cells were incubated for 0.5 min, 60 min, and 120 min in 0.87 mole/kg sucrose and 1.06 mole/kg glycerol, and were then rapidly diluted. The response with the two solutes was similar. At the 0.5-min timepoint, there was a larger decrease in survival at 20 than at 0 C: however, the survival values at 0 and 20 C were essentially the same after 60 and 120 min. This indicates that exposure of Haplopappus cells to about 1 mole/kg concentration of nonpenetrating substances did decrease the viability of these cells, and that the decrease was initially more rapid at 20 than at 0 C. (Fig. 6) show that concentrations of sucrose greater than 0.5 mole/kg were injurious to these cells: plasmolysis was first observed in Acer in 0.30 mole/kg sucrose solutions. The TTC procedure has been used to determine survival in these studies, although it must be noted from Figure  6 that exposure to 0.25 and 0.5 mole/kg sucrose solutions increased the ability of Acer cells to reduce TTC during the subsequent incubation period above that of the distilled H20 controls. This may be explained by a small amount of sucrose penetrating the cell and serving as an energy source for subsequent dye reduction. The experiments reported above involved the rapid dilution of the cells from the osmoticum. Figure 7 shows The beneficial effects of slow dilution suggested that the manner of water entry into the plasmolyzed cell could affect viability, and further suggested that the manner of thawing cells in the freezing experiments might be important, for thawing also produces progressive dilution of the sample. Indeed, as demonstrated in Figure 8 , when compared to air-thawed samples (-3 C/min), slower thawing (-0.3 C/min) of Acer apparently increased survival, and faster thawing (-100 C/min) decreased survival.
DISCUSSION The data presented demonstrate a correlation between the injury observed in tissue culture cells after freezing regimes and after plasmolysis regimes. The avoidance of extensive super- cooling by seeding the sample with ice at -I C, and the subsequent slow decrease in temperature (about 0.1 C/min), make it probable that the internal and external water potentials remained in equilibrium during cooling, with the result being the loss of water from the cell and its crystallization extracellularly (13) . It has been shown both theoretically and experimentally that individual cells cooled under equilibrium conditions do not freeze intracellularly, and that cooling rates of 0.1 C/min are sufficiently low to maintain equilibrium in all cells examined (18) . Further evidence that intracellular freezing did not occur in slowly cooled Haplopappus or Ac er cells is the fact that slow thawing increased survival. In nearly all cases reported, cells containing intracellular ice were more damaged by slow thawing than by rapid (17) .
The result of the extracellular freezing of the intracellular water is the shrinkage of the protoplast, with the extent of shrinkage being determined by the temperature to which the cell is cooled and by the initial osmotic pressure of the cell contents. For a cell in water-potential equilibrium at -2 and -4 C, the concentration of solutes in the unfrozen channels of the ice mass and in the cell itself can be calculated from the relation AXT, = 1.86 dvm to be about I and 2 osmoles/kg. This assumes that hydrostatic pressure differences are absent: the H20 or in their growth media (ovm = 0.18), the injury does not appear to be related to the proportion of ice formed in the extracellular medium.
Additional support for the theory that shrinkage is a component of frost injury is the similar response of plasmolyzed cells and frozen cells to the rate of rehydration. In both cases slower rehydration is less injurious than rapid rehydration. In the case of the plasmolyzed cell, rehydration is done by dilution of the osmoticum, while in the frozen cell it occurs during the warming procedure.
In Figure 9 , survival of samples after freezing in distilled H20
and after plasmolysis at 22 C is plotted against the osmolalities to which the samples were subjected. The plots illustrate that the decrease in survival in both treatments occurs in a similar range of osmolaities. Although the correlation is good in studies with Haplopappus (Fig. 9A) , the results with Acer suggest that these cells are more sensitive to plasmolysis than to freezing . Fast dilution was achieved by the addition of the 0.5-ml aliquot to 2 ml (for 0.87 mole/kg samples) or 4 ml (for 1.49 mole/kg samples) of distilled H2O. Slow dilution was by addition of distilled H20 in such amounts that the molality was decreased in 0.1 mole/kg units every 3 min for samples exposed to 0.87 mole/kg sucrose, and 0.2 mole/kg units every 3 min for samples exposed to 1.49 mole/kg sucrose.
fact that these concentrations of nonpermeating additives produce plasmolysis of Haplopappus and Acer makes this assumption valid. Since these plasmolytic concentrations produce killing, and since survival in the frozen state decreased abruptly between -2 and -4 C, shrinkage and subsequent re-expansion of the cell are the likely causes of freezing injury in these cells.
From the equation AT, = 1.86 4vm, it is evident that the final concentration of solutes in a system in equilibrium with ice at a given temperature is dependent only upon that temperature and not upon the initial concentration of solutes in the unfrozen solution (13) . However, the proportion of the solution remaining unfrozen at a given temperature is related to the initial solute concentration (m j) in the unfrozen state by the equation q (1.86 wmi)/1ATf where q is the proportion of solution that is not frozen at a given temperature. As the largest decrease in survival of both Haplopappus and Acer occurs in the same temperature range whether the cells are suspended in distilled (Fig. 9B) . The difference could result from the fact that the two treatments, freezing and plasmolysis, differ in at least three ways: temperature, rate of rehydration, and duration of exposure in the plasmolyzed state. Thus, the plasmolysis data was obtained at 22 C, while freezing studies were between -I and -8 C: the duration of exposure to osmotica was 30 min, while slowly cooled samples were thawed as soon as they reached the desired temperature: and the fast dilution of plasmolyzed cells differed from the thawing of samples in air at 22 C. Both rate of rehydration and duration of exposure do affect survivals (Figs. 4 and 8) . Considering these points, there is still a striking correlation between survival at a subzero temperature and survival when exposed to osmotica producing the same degree of cell shrinkage. Similar correlations have been observed in bacteriophage T4 and red blood cells (8) .
It has long been considered that extracellular freezing injury is a dehydration injury and that plasmolysis and deplasmolysis can be injurious (10). Scarth and Levitt (26) and Siminovitch and Levitt (29) demonstrated that cold-hardy cells of cabbage and Catalpa were more resistant to deplasmolysis injury than nonhardy cells, and that injury was greater the longer the cells remained in the plasmolyzing solution. Siminovitch and Briggs (28) later showed that the dehydration intensities for 50% survival produced by desiccation over H2SO and by plasmolysis were linearly correlated with the cold hardiness of various samples of Black Locust bark tissue. Percentage of survival curves for dehydration by plasmolysis, desiccation, and freezing were not quantitatively similar. Our results for plasmolysis injury and freezing injury show better correspondence.
One other potential difference between the response of a cell to hyperosmotic solutions above 0 C and its response to freezing is the manner in which the cell shrinks during freezing. Whether the cell plasmolyzes or whether the whole cell (wall + protoplast) shrinks depends not only on the presence of extracellular solute but also on the relative permeabilities of the protoplast and of the cell wall to solutes and water. An additional factor in the case of partly frozen solutions is whether ice crystals can penetrate the cell wall and grow in the region between the protoplast and wall. Let us consider three simple cases, in each case making the assumption that the permeability of the protoplast to water is much greater than its permeability to solutes.
In Case I we assume that ice cannot penetrate the wall and that the permeability of the wall to water is much greater than its permeability to solutes. With cooling, the external medium concentrates. Since the water leaves the cell faster than the solutes enter, the cell as a whole will shrink. Case 2 is similar to Case 1 in that ice cannot penetrate the wall, but it assumes the permeability of the wall to solutes to be essentially equal to the permeability of the wall to water. In this case equilibration between the extraprotoplast space (wall space plus any space between the wall and plasmalemma, no matter how small) and the extracellular space will occur both by water efflux and solute influx, and there will be little or no shrinkage of the cell wall. On the other hand, equilibration between the protoplast and the extraprotoplast space will occur predominantly by osmotic efflux of water from the protoplast. The result will be plasmolysis.
In Case 3 we assume that ice forms in the wall and extraprotoplast space. The result in this case will be like that in Case 2, namely, plasmolysis during freezing and little or no shrinkage of the cell as a whole.
Experimental observations on epidermal strips and other thin sections frozen in distilled H20 show a response like Case 1, i.e., H20 the whole cell shrinks (1) . Cells Although plasmolysis of the cell and its subsequent re-expansion are potentially injurious situations, the particular molecular mechanism of injury has not been determined. Some of the possible lethal events that could occur during plasmolysis are concentration of solutes, precipitation of solutes, compaction of macromolecules, changes in pH, dehydration, and membrane alterations due to rate and extent of shrinkage (10, 16, 19) . Whatever the molecular mechanism of dehydration injury, osmotic stress in plant cells is known to affect various physiological and biochemical processes (e.g., photosynthesis, respiration, solute permeability, and protein synthesis, refs. 2 and 7). Of particular interest are the studies of Greenway (4) (5) (6) , who has reported that slowly permeating osmotica have different effects on vacuolate and slightly vacuolate tissues. His studies suggest that normal rates of synthetic activity are retained after deplasmolysis of slightly vacuolate tissues, but that in vacuolate cells there is a large decrease in the synthetic activities after deplasmolysis (27) . These adverse effects are not due to low water potentials per se, since activities were less affected with a rapidly penetrating osmoticum (ethylene glycol) (6) . Correlated with the decrease in activities are increased leakage of metabolites (4) and increased permeability to osmotica (5) .
The Haplopappus and Acer cells used in the present studies are vacuolate, which may account for their sensitivity both to plasmolysis-deplasmolysis and to freezing and thawing. Further support for this view is that in carrot cell cultures slightly vacuolate cells have been shown to be more likely to survive freezing to -196 C in dimethylsulfoxide than the larger, vacuolate cell (20) . Also, studies with the vacuolate cells ofAcer in I M dimethylsulfoxide have shown them to be sensitive to freezing injury, with little survival below -50 C (Towill and Mazur, in preparation).
The present studies involved cells suspended in water or growth medium and cooled at a single rate. To gain a better understanding of the nature of the freezing injury and of means to prevent it, the effects on survival of cooling and warming rates and the presence of protective solutes such as glycerol and dimethylsulfoxide were investigated (Towill and Mazur, in preparation).
